Forest ecosystems play an important role in the process of removing trace gases from the atmosphere. The purpose of this work is the experimental study of the flux and rate of the dry deposition of ozone on different types of vegetation in the Baikal region. Based on the eddy covariance method and the flux gradient methods (including the aerodynamic gradient method (AGM), the modified Bowen method (MBR) and modified gradient method (MGM)) and with experimental data, the quantitative estimates of the fluxes and dry deposition velocity of ozone on the underlying surface were obtained for different environments (grasslands, forest). The average values of the dry deposition velocity of ozone (V d ) were equal to 0.37 cm/s at night (0-3 h) and 0.91 cm/s during daytime hours (12-18 h). The ozone flux (F) was 0.24 µg m -2 s -1 at night and 0.72 µg m -2 s -1 in the afternoon. The quantitative estimates of V d and F on vegetation and in the forest show a higher absorptive capacity of forests compared to soil vegetation.
Introduction
In recent years, the number of studies related to the influence of tropospheric ozone (O 3 ) on the environment, both on a global and regional scale, has increased significantly. The increase of the concentration of nitrogen oxides, sulfur dioxide, and other trace gases leads to an increase of O 3 at the ground level of the atmosphere due to photochemical reactions. Because these substances play an important role in changing the Earth's climate and affect living organisms and objects of the natural environment, observations of the O 3 and components of the ozone cycle are included in the program of a special observation system, the Global Environment Monitoring System (GEMS) [1] [2] [3] . In Russia, regular monitoring observations of ground-level O 3 are carried out, mainly at high-altitude stations and in areas with a temperate climate [3] . Unfortunately, experimental data are currently insufficient to obtain objective information about the spatial and temporal variations of surface ozone and other trace gases in an extreme continental climate; in particular, in the region of the Lake Baikal. Lake Baikal is a unique creation of nature. The lake was declared a UNESCO World Heritage Site in 1996 and included in the Man and the Biosphere Program. Primarily, the feature and uniqueness of Baikal are determined by the high strategic importance of the lake as the largest source of drinking water on the planet and as a reservoir with unique flora and fauna. Therefore, monitoring the condition and quality of the natural environment of Lake Baikal is an important task.
The measurements of dry deposition fluxes of trace gases (O 3 , CO 2 , SO 2 , water vapor) mainly rely on micrometeorological methods [29] . Commonly, two types of methods are used: the turbulent pulsation method (eddy covariance, EC) and the flux gradient methods, including the aerodynamic gradient method (AGM) and the modified Bowen method (MBR). Eddy covariance is a direct measurement method that determines turbulent flux without any empirical assumptions [43, 44] . This method is widely used for the estimation of the turbulent flux of carbon dioxide, sulfur dioxide, and ozone, such as in [45] [46] [47] . However, the use of the EC method is often limited by the complexity of quality measurements at sufficiently high frequencies to resolve the covariance between turbulent vertical wind speed and scalar concentration fluctuations [48] .
In recent years, a new modified micrometeorological gradient method has been developed to quantify the dry deposition of ozone, carbon dioxide, sulfur dioxide, and nitrogen oxides over the forest canopy using concentration gradients at levels above and below the top of the forest canopy (modified gradient method-MGM) [28] . The MGM method gives values of fluxes and rates of dry deposition almost as a measurement of eddy covariance. This approach of the flux gradient theory is used in our investigation as an alternative method for determining the flux of O 3 to the underlying surface. The global network of micrometeorological sites (masts) is used to monitor the exchange of greenhouse gases between the biosphere and the atmosphere. Currently, the FluxNet network includes about 700 stations [49] , which cover all climatic zones and almost all types of global vegetation. At present in Russia, such studies have been started recently at several points in the European part of the country, as part of the development of a regional environmental monitoring system for greenhouse gas emissions, named RusFluxNet [50] . The results of these studies are not always be applicable to the natural and climatic conditions of the Baikal region, as it has a wide variety of vegetation types in its territory.
For the Baikal region, the environmental problems of air pollution and biodiversity conservation is of great importance. Woodlands occupy a significant part of the coastal zone of Lake Baikal. In the Baikal region, a breeze phenomenon plays an important role in the circulation processes of air mass transfer. Constant air exchange occurs between the land and water surface. Polluted air masses from the lake affect and influence forest vegetation for a long time in day breeze conditions [9] . The industrial centers (Irkutsk, Angarsk, Shelekhov, and Cheremkhovo) are situated in areas of atmospheric influence on Lake Baikal. With the predominant south-western transport of air masses, the emissions from these centers are transferred to the water area of the lake region. Forest fires are an additional source of pollutants in the region. Anthropogenic impacts on the ecosystem of Lake Baikal are constantly growing due to the further development of industry in the region, and the expansion of tourist infrastructure and recreational areas in the coastal zone of the lake, which can lead to irreversible destructive processes.
The contribution of forest vegetation to the uptake of aerosol and trace gases, such as О 3 , NO x , SO 2 , and CО 2 , is high during the daytime, when turbulent processes and the photosynthetic activity of plants are activated. Such focused research in the Baikal region has not yet been conducted. Regarding the increasing anthropogenic load, extreme natural phenomena such as forest fires and the assessment of environmental damage to the ecosystem of Lake Baikal still remains an unsolved problem due to the lack of observational data. There are insufficient data on observations of the composition of chemically active trace gases, aerosols, and the inclusion of various factors affecting the composition and quality of atmospheric air, including uptake and emission of impurities in natural ecosystems (forest, grass, water).
The purpose of this study is to present new results of the quantitative estimates of the fluxes of O 3 and the rate of dry deposition of ozone on grasslands and in the forest in the Baikal region, based on approved calculation methods and experimental data. The results of the measurements of ozone exchange processes between the atmosphere and the underlying surface are presented. 
Experiments
A method of gradient measurements regarding the concentration of ozone and atmospheric dynamic characteristics with the help of meteorological masts was used to study the effect of the thermal stratification of the atmosphere on O 3 , and to study the characteristics of the exchange processes of trace gases (fluxes and rates of dry deposition) between the atmosphere and the underlying surface (grasslands, forest).
The sample site is located within the territory of the scientific station, which is situated at a distance of 500 m from the Baikal water area, at heights of 60 m from the lake level. Air samples were taken at different heights above ground level using Teflon tubes. Observations were performed using chemiluminescent gas analyzers 3-02 P-A for ozone (OPTEK Corp., St. Petersburg, Russia). The relative error of chemical measurements did not exceed ±20%. The lower detectable limit was 1 µg m -3 , and the response time was 30 s. The calibration of gas analyzers was carried out automatically by means of the built-in calibrated sources of microstreams; besides controlling the measurement error, the gas analyzers were calibrated against a Mod. 8500 Monitor Labs instrument (Teledyne Monitor Labs, Englewood, CO, USA). Simultaneously, at these same heights, the meteorological and turbulent parameters of the atmosphere were measured using the acoustic meteorological complexes: AMK-03 and EXMETEO (Sibanalitpribor Ltd., Tomsk, Russia). The meteorological complex provides information on instantaneous values of wind velocity (in three mutually perpendicular directions) and air temperature and carries out the measurements at frequencies from 10 to 160 Hz, followed by an automatic calculation of up to 60 statistical and turbulent parameters of the atmosphere, and in particular, lapse rates (based on the Monin-Obukhov similarity theory; software developed in the Institute of Monitoring of Climatic and Ecological Systems, Siberian Branch, Russian Academy of Sciences, Tomsk, Russia). The 10 min average lapse rates were calculated by sampling from the corresponding temperature set, followed by processing to remove separate bursts beyond the (95%) confidence interval.
Atmosphere Experiments-Grasslands
In the summer period 2018 (July 12-August 23), experimental investigations of ozone exchange processes between the atmosphere and the underlying surface (grasslands) were carried out.
The gradient measurements of O 3 , meteorological parameters, vertical fluxes of heat and moisture, and dynamic characteristics of the atmosphere at the Boyarsky stationary site (51 • 83 N, 106 • 06 E) of Institute of Physical Materials Science Siberian Branch, Russian Academy of Sciences, were carried out using a 30 m meteorological mast and automated system for monitoring atmospheric pollution. The scientific station is situated 160 km from Ulan-Ude on the southeastern coast of Lake Baikal, in a village with a developed transport and communications infrastructure ( Figure 1a ).
Air samples were taken at two heights (2 and 20 m above ground level) to determine the concentration of O 3 (Figure 1c ). To estimate the flux of ozone to the underlying surfaces, the calculations were conducted with proven methods [51] [52] [53] . To evaluate the flux of ozone to the underlying surfaces as a quantitative characteristic, the velocity and deposition rate of ozone are used (Equation (1)):
where C is the concentration of O3 and Vd is the dry deposition velocity. The dry deposition velocity is calculated by analogy with Ohm's law, considering different types of resistance to the transfer of pollutants from the atmosphere to the underlying surface [51] . The dry deposition velocity for gases is the following:
where Ra is the aerodynamic resistance to the flux of gases, Rb is the quasi-laminar sublayer resistance, and Rc is the canopy resistance [52] . Under conditions of a stable atmosphere in which breeze phenomena are formed, the resistance Ra (Equation (3)) and friction velocity u* (Equation (4)) are determined according to [53] , and the resistance Rb is determined according to Equation (5) [51]:
where u* is the friction velocity, Pr is the Prandtl number, Sc is the Schmidt number, Zr is the measuring height, k equals 0.4 (the Karman constant), d is the displacement height, Z0h is the roughness parameter for energy, Z0m is the roughness parameter for momentum, βm and βh are empirical constants, Ur is the horizontal wind speed at a given height, and L is the Monin-Obukhov scale. To estimate the flux of ozone to the underlying surfaces, the calculations were conducted with proven methods [51] [52] [53] . To evaluate the flux of ozone to the underlying surfaces as a quantitative characteristic, the velocity and deposition rate of ozone are used (Equation (1)):
where C is the concentration of O 3 and V d is the dry deposition velocity. The dry deposition velocity is calculated by analogy with Ohm's law, considering different types of resistance to the transfer of pollutants from the atmosphere to the underlying surface [51] . The dry deposition velocity for gases is the following:
where R a is the aerodynamic resistance to the flux of gases, R b is the quasi-laminar sublayer resistance, and R c is the canopy resistance [52] . Under conditions of a stable atmosphere in which breeze phenomena are formed, the resistance R a (Equation (3)) and friction velocity u* (Equation (4)) are determined according to [53] , and the resistance R b is determined according to Equation (5) [51]:
where u* is the friction velocity, Pr is the Prandtl number, Sc is the Schmidt number, Z r is the measuring height, k equals 0.4 (the Karman constant), d is the displacement height, Z 0h is the roughness parameter for energy, Z 0m is the roughness parameter for momentum, β m and β h are empirical constants, U r is the horizontal wind speed at a given height, and L is the Monin-Obukhov scale.
Atmosphere Experiments-Forest
A measuring platform was prepared to organize the experiments on the study of gas exchange between the atmosphere and forest vegetation in the coastal zone of Lake Baikal in the summer period 2018 (August 5-23). On this platform, a meteorological mast (16 m) was installed. Using the meteorological mast, gradient measurements of meteorological parameters, pulse characteristics of temperature, wind speed, and concentrations of O 3 at four heights levels above and below the forest canopy were carried out ( Figure 2 ).
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Using results of measurements of meteorological parameters, such as turbulent characteristics of temperature, wind speed, and concentration O3 at different heights, the calculations of the dry deposition velocity of ozone were conducted based on MGM [28] . Applying the flux gradient theory inside the canopy of the forest, the flux F (z) can be calculated as in Equation (6), and the remaining parameters are calculated using Equations (7)- (9):
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where z 1 > h; z 3 < h, k is the Karman constant, C (z 1 ) and C (z 3 ) are concentrations of О 3 at heights z 1 and z 3 , R a (z 1 /h) is the aerodynamic resistance to flux, Ψ h and Ψ m are the integrated heat stability The aerodynamic resistance at heights z 3 < h (inside of trees crown) is calculated by Equation (11):
According to [46] , the vertical diffusion coefficient is K c (z) calculated by Equation (12):
where C m (z) is the effective resistance coefficient, a (z) is the density of the sheet area at height z, and U(z) is the wind speed at height z.
Using Equation (14) [55], the wind speed profile within the canopy is determined:
where U(z) is the wind speed at height z and z 0m is the roughness length for momentum. For a stable atmosphere:
For an unstable atmosphere: The diurnal О 3 behavior at high heights (20 m) is smoother than near the ground (2 m). In evening and night hours, the largest differences are observed. The ozone concentrations at different heights become equal in daytime as the temperature rises, and turbulent processes intensify in the near-ground atmospheric layer. As a rule, after sunset and night hours with a weak wind and the absence of UV illumination, the concentration of O 3 is higher at the upper level than at the lower level. This distribution of ozone corresponds to weak air mixing due to the occurrence of temperature inversions and the dominant role of O 3 uptake by the underlying surface. 
Results and Discussion

Gradient Measurements of Ozone
Flux of Ozone to the Underlying Surface
The values of L and Ur are determined from the data of pulsation measurements of wind speed and temperature using acoustic meteorological complexes. According to [29, 57] , the following characteristics are used for calculation: Pr ≈ Sc ≈ 0.95; βm = 6,0; βh = 7.8; Z0m= 0.05; d= 0.4 cm. The surface resistance of Rc is determined on the basis of the experimental data and results [57] . 
The values of L and Ur are determined from the data of pulsation measurements of wind speed and temperature using acoustic meteorological complexes. According to [29, 57] , the following characteristics are used for calculation: Pr ≈ Sc ≈ 0.95; βm = 6,0; βh = 7.8; Z0m= 0.05; d= 0.4 cm. The surface resistance of Rc is determined on the basis of the experimental data and results [57] . In morning hours, as the Earth's surface is heated, convective flows are generated and lead to a breakup of the near-ground inversion and intensification of turbulent processes (Figure 4b) , giving rise to a gradual growth and equalizing the ozone concentration at different heights (Figure 4a ). In these hours, there is a reversal of wind direction, with the coastal breeze switching to a daytime breeze blowing from the lake. At evening time, after the sunsets and the soil temperature decreases, temperature inversions form in the near-ground atmospheric layer (Figure 4b ) and turbulent processes become less intense. Moreover, downdrafts at heights of 20 m maintain a higher concentration of О 3 , supplied from above the canopy (Figure 4a ). Figure 4a shows the vertical wind speed (w). The negative values of w indicate the flow direction from top to bottom. The ozone concentration rapidly decreases by dry deposition on the underlying surface in the absence of vertical exchange, especially in the lowermost near-surface layer (2 m).
The values of L and Ur are determined from the data of pulsation measurements of wind speed and temperature using acoustic meteorological complexes. According to [29, 57] , the following characteristics are used for calculation: Pr ≈ Sc ≈ 0.95; βm = 6,0; βh = 7.8; Z 0m = 0.05; d = 0.4 cm. The surface resistance of Rc is determined on the basis of the experimental data and results [57] .
According to Equations (1)-(4), the velocity and fluxes of ozone dry deposition at night (0-3 h) and during the day (12-18 h) in the conditions of breeze circulation observed on July 28-29 were determined (Table 1 ). At night in the atmosphere, the velocity of the dry deposition of O 3 and its flux to the underlying surface are much lower than in the daytime in periods when turbulent processes are less intense. In the daytime, the processes of O 3 formation dominate over the processes of its destruction, as evidenced by the increase of O 3 in the daytime. At night, in the absence of UV illumination, the generation process stops and forests act as a sink for ozone. Figure 5 shows the gradient ozone concentration between levels of 8-12 m. Ozone concentration is minimal in the morning (40 µg/m 3 ), maximum values are observed during the day (up to 90 µg/m 3 ), and then О 3 decreases at night. Gradients between the two heights in the morning are minimal and amount to 1.5 µg/m 3 at 11 h compared with other periods of the day ( Figure 5 ). The most efficient turbulent air exchange is noted between the layer above the top of the forest and the layer inside the tree canopy. During such a turbulent exchange, the concentration gradients of O 3 are significantly reduced. It should be noted that the effects of chemistry on the О 3 flux are small, probably because the chemical reactions for О 3 have longer time intervals than the turbulent exchange [39, 44] . Differences in meteorological conditions (temperature, wind speed, humidity, etc.) during the daytime and at night have a significant influence on the concentration and deposition rate of О 3 .
layer inside the tree canopy. During such a turbulent exchange, the concentration gradients of O3 are significantly reduced. It should be noted that the effects of chemistry on the О3 flux are small, probably because the chemical reactions for О3 have longer time intervals than the turbulent exchange [39, 44] . Differences in meteorological conditions (temperature, wind speed, humidity, etc.) during the daytime and at night have a significant influence on the concentration and deposition rate of О3. Figure 6 shows the dependence of ozone concentration on heights during the daytime and nighttime. Ozone concentrations at 15 m are greater than at 8 m and 4 m. High concentrations of O3 were noted, especially at heights above the canopy of forest vegetation (15 m) . This feature characterized the behavior of O3 near the coastal zone of Lake Baikal [9] . A similar feature of ozone is noted in [58, 59] , where authors explained the relatively high level of O3 by the following reasons: (1) air mass recirculation caused by nighttime sea breeze, which, with the onset of the night breeze, transfers the aged air masses enriched with O3 from the mainland to the coastline at night and in the morning; (2) subsidence of air masses rich in O3 at the level of the middle troposphere; (3) a decrease in the height of the boundary layer. The values of the concentration gradient at different heights Figure 6 shows the dependence of ozone concentration on heights during the daytime and nighttime. Ozone concentrations at 15 m are greater than at 8 m and 4 m. High concentrations of O 3 were noted, especially at heights above the canopy of forest vegetation (15 m) . This feature characterized the behavior of O 3 near the coastal zone of Lake Baikal [9] . A similar feature of ozone is noted in [58, 59] , where authors explained the relatively high level of O 3 by the following reasons: (1) air mass recirculation caused by nighttime sea breeze, which, with the onset of the night breeze, transfers the aged air masses enriched with O 3 from the mainland to the coastline at night and in the morning; (2) subsidence of air masses rich in O 3 at the level of the middle troposphere; (3) a decrease in the height of the boundary layer. The values of the concentration gradient at different heights indicate that the precipitation and uptake of О 3 actually occur directly under the forest canopy, due to uptake to the underlying surface. indicate that the precipitation and uptake of О3 actually occur directly under the forest canopy, due to uptake to the underlying surface. In Table 2 , parameters and values for the calculation of fluxes and the dry deposition rates of О3 are presented. In Table 2 , parameters and values for the calculation of fluxes and the dry deposition rates of О 3 are presented. The meteorological parameters of the atmosphere were measured using the acoustic meteorological complex EXMETEO, the Monin-Obukhov length scale (L).
The results of the calculation of daily cycles of V d and F are shown in Figure 7 . 
Parameter Night Day
Vd, cm/s 0.37 0.91 F, g m −2 s −1 0.24 0.72
The results of experiments studying the deposition rate and ozone flows above grasslands in the Baikal region is consistent with the results of [62] , which were carried out in the framework of the European Union environmental research program, integrated into the Surface Resistance Emergency Measurements Program (SREMP). From the results of [62] , during the summer period the dry deposition velocity of ozone was equal to 0.3-0.4 cm/s in daytime, while during nighttime was 0.1 cm/s. Maximum daytime ozone flux was 0.4-0.5 μg m −2 s −1 . According to preliminary estimates, the dry deposition is equal 20-25% of total O3 from the troposphere [63, 64] ; the rate of dry deposition of ozone tends to be higher in vegetation than on surfaces without vegetation [29] . Recent studies have clearly shown that field measurements of O3 deposition can significantly improve our ability to more accurately represent dry O3 deposition in vegetation using modeling techniques [65] [66] [67] .
Conclusions
In this study, to quantify the flux of O3 to the underlying surface in the Baikal region, the deposition velocity and flux of ozone values were used. For different environments (grasslands, forest) in the Baikal region, the quantitative estimates of the fluxes and rates of dry ozone deposition on the underlying surface were obtained. These preliminary assessment results were carried out based on the proven calculation methods and experimental data. Table 3 . The quantitative estimates of V d and F on grasslands (Table 1 ) and in the forest (Table 3) show a higher absorptive capacity of forests compared to soil vegetation.
Similar data of the dry deposition velocity of ozone were obtained in experiments above canopies of deciduous forest [60] and mixed deciduous forest [61] for daytime and nighttime. In [28] , different methods for determining the dry deposition rate of O 3 (AGM, MBR, MGM, EC) in Harvard Forest were compared. Although the trends were similar, the MBR and AGM gave higher values of V d than the EC method. According to EC, the value of V d was equal 0.2 cm/s during the night and reaching a daily maximum of 0.54 cm/s around noon. V d according to the MBR and AGM methods reached about 0.8 and 1.3 cm/s during the daytime, respectively, and about 0.4 cm/s remained during the night. The MGM V d value was in good agreement with EC V d in the daytime, but was slightly higher at night. It was discovered that the EC methodology underestimates the flow during quiet nighttime periods in the Harvard Forest. According to earlier studies conducted in Harvard deciduous forest (1990) (1991) (1992) (1993) (1994) , dry deposition rates for daytime during the summer reach up to 0.8 cm/s, while during the nighttime reach 0.2 cm/s [26] .
The results of experiments studying the deposition rate and ozone flows above grasslands in the Baikal region is consistent with the results of [62] , which were carried out in the framework of the European Union environmental research program, integrated into the Surface Resistance Emergency Measurements Program (SREMP). From the results of [62] , during the summer period the dry deposition velocity of ozone was equal to 0.3-0.4 cm/s in daytime, while during nighttime was 0.1 cm/s. Maximum daytime ozone flux was 0.4-0.5 µg m −2 s −1 . According to preliminary estimates, the dry deposition is equal 20-25% of total O 3 from the troposphere [63, 64] ; the rate of dry deposition of ozone tends to be higher in vegetation than on surfaces without vegetation [29] . Recent studies have clearly shown that field measurements of O 3 deposition can significantly improve our ability to more accurately represent dry O 3 deposition in vegetation using modeling techniques [65] [66] [67] .
In this study, to quantify the flux of O 3 to the underlying surface in the Baikal region, the deposition velocity and flux of ozone values were used. For different environments (grasslands, forest) in the Baikal region, the quantitative estimates of the fluxes and rates of dry ozone deposition on the underlying surface were obtained. These preliminary assessment results were carried out based on the proven calculation methods and experimental data.
For the forest environment, the average values of the dry deposition velocity of O 3 were equal to 0.37 cm/s at night (0-3 h) and 0.91 cm/s during daytime hours (12-18 h). The ozone flux was 0.24 µg m −2 s −1 at night and 0.72 µg m −2 s −1 in the afternoon. In grasslands, the dry deposition velocity of O 3 and the flux of O 3 did not exceed 0.16 cm/s and 0.08 µg m −2 s −1 at night and 0.34 cm/s and 0.21 µg m −2 s −1 during daytime. The quantitative estimates of the V d and F on grasslands and in the forest showed the higher absorptive capacity of forests compared to grasslands.
